2 in order to check the compatibility between dissimilar materials which can have a strong influence on the interface roughness, adhesion, density, homogeneity, for instance. Three different reflector designs were formulated and tested including all-chalcogenide layers (As 40 Se 60 /Ge 25 Sb 5 S 70 ) and mixed chalcogenide-oxide layers (As 40 Se 60 /alumino-silicate and Ga 10 Ge 15 Te 75 /alumino-silicate). Prepared multilayers showed good compatibility between different material pairs deposited by laser ablation despite the diversity of chemical compositions. As 40 Se 60 /alumino-silicate reflector showed the best parameters; its stop band (R>97% at 8° off-normal incidence) has a bandwidth of ~100 nm and it is centered at 1520 nm, thus in good agreement with calculated value. The quality of the different mirrors developed was good enough to try to obtain a microcavity structure for the 1.5 µm telecommunication wavelength made of chalcogenide layers. The microcavity structure consists of Ga 5 Ge 20 Sb 10 S 65 (doped with 5000 ppm of Er 3+ ) spacer surrounded by two 10-layer
Introduction
Recently, new functionality of dielectrics thin films (based on their quarter wave stacks) in the field of omnidirectional reflection (near unity reflectance for all incidence angles/polarization states over a finite spectral region) was recognized [1] . The omnidirectional reflection properties are mainly dependent on two parameters: the refractive index contrast n H /n L -refractive indices ratio of the layers of high and low refractive index, -and on the ratio of the lower refractive index to the homogeneous medium surrounding the last layers of the stack n L /n A (n A = 1 for air) leading to a photonic band diagram [2] . It was shown that one of the key prerequisite facilitating omnidirectional reflection is: 1) sufficiently high refractive index contrast (>0.8) between the two materials forming thin film stack and 2) high optical transmission of individual materials in wavelength range of interest [1, 3] . Due to their suitable properties, amorphous chalcogenide multilayer stacks themselves or combined with low refractive index materials can satisfy mentioned criteria when designing omnidirectional mirrors for infrared region of the spectra. To date, several groups have reported attempts of multilayer stacks fabrication for omnidirectional reflection exploiting combination of a chalcogenide with a polymer [1, 2, 4, 5] , or with a fluoride [6] [7] [8] , or combination of two amorphous chalcogenides [9] [10] [11] [12] . It should be noted that other material combinations (requiring usually high-temperature or sophisticated processing) were already proposed, for example Si/SiO 2 [13] , SiO 2 /TiO 2 [14] , AlInN/GaN [15] , etc. Omnidirectional reflection opens up not only possibility of making mirrors, but also filters or microcavity structures consisting of a spacer layer enveloped by reflecting faces; such structures could play an important role in applications as vertical-cavity surface emitting lasers, microcavity light-emitting diodes, Fabry-Perot modulators, etc.
In principle, depicted multilayered structures can be generally obtained by different thin films deposition techniques as metal-organic vapor phase epitaxy [15] , sol-gel [14, 16] , radio frequency sputtering [13] , thermal evaporation or spin coating/thermal evaporation [4, 5, [8] [9] [10] [11] [12] . We already reported pulsed laser deposition (PLD) as a thin films fabrication technique viable for the amorphous chalcogenides as well as alumino-silicates being advantageous due to its simplicity, easy control of the process, often stoichiometric transfer of target material to the films, and possibility to fabricate multilayered structures [17] [18] [19] [20] . However, the PLD has a drawback (compared to other deposition techniques such as thermal evaporation) of more difficult control in terms of deposition rate reproducibility; on the other hand it has the advantage of depositing luminescent layers. Fluorescence has many practical applications in chemical and biological detection and analysis because of its great selectivity of fluorescent marks and specificity of radiative emissions. When higher level of sensitivity is demanded, the efficiency of detection becomes crucial. In this case, the utilization of 1D photonic band gap optical structure should be considered aiming at increasing the ability of fluorescence excitation and collection.
Photoinduced changes of optical properties are characteristic of chalcogenide films.
The importance of developing multilayers studied in this paper is to play and control the photoinduced effects. Post processing by irradiation of the multilayers consisting of chalcogenides films allows obtaining spatially uniform or structured mirrors, microcavity or filters [6, [21] [22] [23] . In order to counteract mentioned problem of deposition rate reproducibility or to have the opportunity of an efficient wavelength tuning or, conversely, to stabilize the photoinduced effects in chalcogenide films, we test several pairs of materials from pure chalcogenide layers to chalcogenide/oxide layers. In the case of the use of alumino-silicates, the photosensitivity and photoexpansion of the multilayer structure can be expected to be reduced [24] . The combination of the oxide films with the chalcogenides can also play an advantageous role in the mechanical properties as well as their chemical durability against aging in natural atmosphere [23, 25] . The difficulty of synthesizing optically homogeneous oxychalcogenides, whether in the form of bulk glass or thin films, could be bypassed by providing optical components based on superimposed oxide and chalcogenide layers.
Hence, the aim of this work is to manifest the preparation of amorphous thin films and their multilayered stacks based on chalcogenides and alumino-silicates by use of PLD technique. In addition to the fabrication of chalcogenide and chalcogenide/alumino-silicate mirrors, the manufacture of all-chalcogenide microcavity for 1.5 μm telecommunication wavelength (doped with erbium) was attempted. The main objective is to investigate the feasibility of such multilayers by PLD before assessing in the further study the influence of irradiation. Studied combination of materials could easily be transposed to the field of mid-IR since chalcogenide layers will be transparent in this spectral domain and allow the rare earth emission in this spectral range; that is why a simulation evaluating the suitability of allchalcogenide microcavity for 4.65 μm atmosphere transparency window was performed.
Experimental details
The amorphous thin films and multilayered structures were fabricated using 1) bulk chalcogenide glasses ( did not undergo any thermal treatment; for subsequent measurements they were used in asdeposited state.
We made different attempts to fabricate reflectors and microcavity for near infrared spectral region. Before doing this, required thicknesses of single layers were approximated applying refractive indices of used targets. After preparation and characterization of single thin films with suitable thicknesses, multilayered structures were prepared using sequential PLD runs. For the estimation of necessary thicknesses (d i ) of individual layers of the reflector stacks, we used refractive index data (n i ) of single layers at λ which corresponds to the center of reflection band of the prepared quarter-wave stack at normal incidence. Then, the reflectance spectra were simulated using a transfer matrix method. Transfer Matrix Formalism was applied to calculate the reflectance of an electromagnetic wave across the multilayered 7 structure simulating the vertical microcavity. In each zone, the wave-function is completely determined by two scalar components; therefore it can be represented as a bi-dimensional (2D) column vector. The linearity of the electromagnetism equations makes possible to relate the components between any two given abscissae z under a (22) matrix form [3] . The transfer matrix of the whole structure is readily expressed as the matrix product:
where the notation (i) corresponds to the i horizontal. Further in Eq.
is the matrix corresponding to the wave propagation across the interface between i and i+1 media and
M is the propagation matrix in the i medium.
Reflectance is then given by the equation below
In this model, the dispersion of the refractive index of the individual layers to obtain multilayered structures based on chalcogenides (alumino-silicates) was taken into consideration.
We prepared three different reflector design layer stacks: 1) all-chalcogenide 13-layers The surfaces of the single chalcogenide films as well as alumino-silicate films were studied via scanning electron microscopy (SEM, JEOL JSM 6400) connected with energydispersive X-ray analyzer (EDX). A transverse section of the sample was prepared perpendicular to the thin film surface to allow imaging the stacking of the different layers. nitrogen and were calibrated by using a tungsten-halogen lamp source and a heat source with emission spectra similar to a black-body source.
Results and discussion
The thin films and their stacks fabricated by PLD were found to be amorphous and homogeneous according to optical and electron microscopy. The morphology of single layers is of good quality as confirmed by SEM (Fig. 1) ; we observed only rarely droplets on the surface of the films (with diameter of ~0.01-2 µm) which generally represents a weak point for any PLD film. No other defects, cracks or inhomogeneities were found which could compromise the quality of the interfaces between the different layers.
The chemical composition of the films, as determined by SEM-EDX, is summarized in Table 2 . The period is formed by two layers of high and low indices (respectively HI
and LI). Each layer is characterized by its refractive index n and its thickness d.
The Bragg reflector is characterized by its central wavelength  0 (at normal incidence) and by the reflection bandwidth  which is determined mainly by the index contrast. These two parameters are defined by relationships (3) and (4). 
where N is the number of periods.
The experimental reflectance spectra are in relatively good agreement with the theoretical ones (Fig. 4) Table II . A shift of the experimentally observed central wavelength from calculated values could be noticed (Fig. 4 , Table II. ). This fact would have its origin in both, deviations in refractive indices and/or exact thicknesses of individual layers required for such structures.
Following encouraging results obtained with Bragg mirrors, the last studied optical structure is the vertical microcavity. Table III shows that it is possible to produce a Bragg reflector and a microcavity in the NIR spectral range of amorphous chalcogenide and alumino-silicate thin films by using pulsed laser deposition.
It should be noted that one of the advantages of chalcogenide thin films is their broad transparency window covering mid-IR part of the spectra. We suppose that a microcavity for giving privileged place to the photosensitivity of these components while the chalcogenideoxide mixed multilayers can be interesting for limiting the effects of photosensitivity or making them more specific, playing with the expansion coefficient and allowing enough great versatility in terms of refractive index contrast. Several other structures based on chalcogenide films can be envisaged for a large range of wavelengths; they can be advantageously exploited by exalting the actives properties such as rare earth doped chalcogenide film luminescence or chalcogenide thin films non-linear properties of the defect layer in the periodic structure. and one defect layer that separates the two Bragg mirrors. The defect layer is characterized by its refractive index n and thickness L. Other symbols have the same meaning as in Table II . 
